ABSTRACT. The Central Asian Orogenic Belt (CAOB) is the world's largest Phanerozoic accretionary orogen and is the most important site for juvenile crustal growth in the Phanerozoic. In this work, we employed U-Pb zircon geochronology to identify the early and middle Mesozoic intraplate granitic intrusive events in the Chinese Altai segment of the southern CAOB in order to better understand the crustal architecture of the CAOB. We also used whole-rock geochemical, Sr-Nd isotopic and zircon Hf isotopic data to constrain the generation for these granitic rocks and to evaluate the 
"terranes" (Badarch and others, 2002; Windley and others, 2002) or "tectonostratigraphic units" (Li and others, 2003; Xiao and others, 2004) . According to Windley and others (2002) , the Altai orogen in China is composed of the following six terranes (or units, as used here), which are, from north to south ( fig. 1 ):
Unit 1 constitutes the northern part of the Chinese Altai and consists largely of Devonian to Early Carboniferous metavolcanic (andesite and dacite) and metasedimentary rocks.
Units 2 and 3 make up the central part of the Chinese Altai and are an important part of the Altai microcontinent (for example, Windley and others, 2002) . Unit 2 consists of Neoproterozoic (Sinian) to Middle Ordovician low-grade metamorphic sedimentary and volcanic rocks (the Habahe Group), with minor Early Devonian sedimentary and volcanic rocks. Unit 3 contains amphibolite-and greenschist-facies metasediments and metavolcanics. According to some workers, Units 2 and 3 may belong to a single tectonic unit (Windley and others, 2002; Li and others, 2003; Xiao and others, 2004) .
Units 4 and 5 are located in the southern Chinese Altai. Unit 4 consists predominately of Silurian to Devonian low-grade metamorphic arc-type volcanic rocks. Unit 5 is mainly composed of Devonian fossiliferous successions that are, in turn, overlain by Late Carboniferous formations. Gneisses and schists also occur locally.
Unit 6 is made entirely of Devonian island arc rocks, with a small amount of Ordovician limestones and some Carboniferous island-arc volcanics (Yu and others, 1993) . This terrane belongs to the Junggar Block (Kazakhstan plate; fig. 1 ) and is Wang and others (2006) and incorporating our new data. The Mesozoic granitic plutons are named with their U-Pb zircon ages (Ma). Most Paleozoic granitic plutons have been dated by the zircon U-Pb method (Wang and others, 2006 ). E-Eastern; W-Western; CAOB-Central Asian Orogenic belt.
separated from the Altai orogen (Unit 5) by the Erqis Fault, one of the largest transcurrent faults in Central Asia (Sengör and others, 1993; He and others, 1994) .
The sedimentary and metasedimentary rocks of the Habahe Group in Units 2 and 3 were traditionally considered as the Precambrian basement of the Chinese Altai. However, a recent study on detrital zircon U-Pb ages constrained the maximum depositional age at about 470 Ma. Consequently, the existence of a Precambrian basement in the Altai orogen was questioned (Sun and others, 2008; Long and others, 2010) . However, Sr-Nd isotopic mapping of the intrusions in Units 2 and 3 suggested that an old crustal component (ca. 1600-1000 Ma) is probably present beneath the dated low-grade metasedimentary rocks (see below and Wang and others, 2009a for details). Wang and others (2009a) argued that the Sr-Nd isotopic signatures could be interpreted as due to partial melting of Early Paleozoic meta-sedimentary rocks that contain old crustal components. Alternatively, the low-grade metasedimentary rocks were underlain by an old crustal component or even a Precambrian basement.
The major orogenic processes in the Chinese Altai took place during the earlymiddle Paleozoic (500-370 Ma; Windley and others, 2002; Xiao and others, 2004; Wang and others, 2006) . Shear along the Erqis Fault (for example, Briggs and others, 2009) and high-grade (granulite facies) metamorphism (for example, Wang and others, 2009b) occurred locally in the southern Altai during the late Paleozoic (290-260 Ma). Paleozoic magmatism occurred mainly in three episodes, at: 460 to 370 Ma, 350 Ma, and 290 to 270 Ma, and it has been intensely studied (for example, Wang and others, 2006; Yuan and others, 2007; others, 2007, 2012) . By contrast, Mesozoic magmatism was poorly understood prior to this study.
characteristics and sample descriptions of the mesozoic granitic plutons in the chinese altai
Granitic plutons are widespread in the Chinese Altai ( fig. 1 ). Most of them belong to the calc-alkaline series and were emplaced in a syn-orogenic setting during the early-middle Paleozoic (Wang and others, 2006; Yuan and others, 2007) . However, some plutons were intruded in a post-orogenic setting during the Late Paleozoic (290-270 Ma; Zou and others, 1988; others, 2002, 2005; Tong and others, 2006a Tong and others, , 2006b Tong and others, , 2012 . Despite the widespread distribution of granites in the Chinese Altai, granitic plutons of Mesozoic age are rare, and new zircon dating has identified only three plutons. Their principal characteristics are described below.
Ala'er Batholith
The Ala'er batholith is one of the largest composite batholiths (Ͼ2000 km 2 ) in the Chinese Altai. It intrudes into a series of amphibolite-facies gneisses of the eastern Chinese Altai (Units 1 and 3; fig. 1 ). The batholith is predominately composed of porphyritic and massive biotite monzogranite. Porphyritic biotite granite occurs mainly at the southern margin of the intrusion, with phenocrysts of microcline and perthite making up 20 to 60 percent of the rock. The phenocrysts vary in size from 1.5 ϫ 3 to 4 ϫ 7 cm and contain quartz and biotite inclusions. Locally, a fine to medium-grained two-mica granite occurs in the inner part of the batholith and a narrow zone of fine-grained biotite granodiorite is present along its eastern and northern margins (Liu and others, 1997) . Mafic enclaves are abundant, particularly at the margins.
Samples of porphyritic and massive biotite monzogranite were collected from the eastern and western parts of this batholith (figs. 1 and 2A). These samples contain variable proportions of large microcline-perthite phenocrysts (5-40%) with lengths from 1.5 to 4 cm. The matrix is composed of microcline, plagioclase ), quartz and biotite. Accessory minerals include zircon, magnetite, apatite, ilmenite, titanite, and monazite. Samples #3013, #3033, #3037 and #3038 (fig. 1) were chosen for zircon separation and age determination (table 1A) .
Sample #3013 was collected from the southeastern margin of the batholith ( fig.  1 ), about 2.5 km to the north of the Armi'ercala Bridge. The phenocrysts are mainly microcline perthite (30-50% by volume); they are orientated, defining a magmatic flow foliation. Samples #3033, #3037 and #3038 came from the northwestern part of the batholith ( fig. 1 ). Samples (#3013, #3033, #3037 and #3038) are porphyritic biotite granite, medium-to coarse-grained monzogranite, light pink coarse-grained porphyritic biotite monzogranite and light gray coarse-grained biotite monzogranite, respectively (table 1A) , and their mineral assemblages are similar, all containing microclineperthite phenocrysts (10-40%), set in a matrix of plagioclase (10-20%), alkali feldspar (10-15%), quartz (20-30%) and biotite (2-5%).
Shangkelan Pluton
This is a small pluton located about 15 km to the northeast of Altai City ( fig. 1) . It intrudes the Paleozoic Wuliqi granitic pluton in the central Chinese Altai (Unit 3). The Shangkelan pluton has an irregular shape, with a sharp intrusive contact and a narrow contact metamorphic aureole. Pegmatites with Nb-Ta mineralization occur in the upper part of the pluton and along its contact with the country rocks: no deformation fabrics have been observed. The major rock types comprise albite-rich granite, twomica monzogranite and biotite monzogranite (see fig. 2B ). Samples for the present study came from the central and western parts of the pluton, on the road west of the Kelan River. They are medium-grained monzogranite and alkali feldspar granite, and are composed of plagioclase (20-25%), alkali feldspar (30-45%), quartz (30-35%), biotite (5%) and muscovite (3%). Sample #3214, was obtained from a medium-grained biotite monzogranite, was selected for zircon separation and U-Pb geochronology.
Jiangjunshan Pluton This pluton is located 10 km east-southeast of Altai City ( fig. 1 ). It intrudes a series of Devonian metavolcanic and metasedimentary rocks (the Altai Group) of Unit 4. It has a sharp contact and is devoid of deformation fabrics. The pluton also intrudes a small gabbro body that has been dated at 280 Ϯ 6 Ma by zircon U-Pb SHRIMP analysis (T. Wang, unpublished data).
The rock types include alkali feldspar granite, two-mica monzogranite, garnetbearing muscovite monzogranite and biotite monzogranite. The mineral assemblage of biotite monzogranite (sample #3148) comprises plagioclase (25-30%), alkali feldspar (30-35%), quartz (20-25%) and biotite (7%). Garnet-bearing muscovite monzogranite (sample #3143) is composed of alkali feldspar (25-35%), quartz (25-30%), plagioclase (30-35%), muscovite (5%), and minor garnet (1%). Some granitic rocks, for example samples #31441 and A5051, contain amazonite (figs. 2C and 2D). Accessory minerals are zircon, magnetite, apatite, titanite, and monazite. In addition, amazonite-bearing granitic veins cut the pluton, and locally the veins contain Be, Nb and Ta mineralization. Sample AT-1 is a two mica monzogranite (A-type granite), composed of plagioclase (25-30%), alkali feldspar (35-40%), quartz (20-25%), biotite (3%) and muscovite (2%). It was chosen for U-Pb zircon dating.
u-pb zircon geochronology
The zircon grains separated from the above samples are colorless, yellow or light brown, transparent and commonly euhedral. The grain sizes range from 50 to 600 m along the c-axis with a length/width ratio of 2:1 to 7:1. Almost all grains have concentric oscillatory zoning ( fig. 3 ), suggesting a magmatic origin. However, some grains are more complex (especially in sample #3037 from the Ala'er batholith) and show evidence of recrystallization. The zircon U-Pb isotopic analyses were performed using SHRIMP II (Sensitive High Resolution Ion MicroProbe) at the Beijing SHRIMP Center, China, and at Curtin University, Australia; by LA-ICPMS at the Key Laboratory of Continental Dynamics of the Northwest University, Xi'an, and at the Tianjin Institute of Geology and Mineral Resources, Tianjin, China, and by TIMS (Thermal Ionization Mass Spectrometry) at the Institute of Precambrian Geology and Geochronology (IPGG), Russian Academy of Sciences, St. Petersburg (see details in the Appendix).
Age Data for the Ala'er Batholith Sample #3013.-Zircon grains from sample #3013 were dated using TIMS (table  1A and fig. 4A ). Twenty abraded grains (Krogh, 1982) from size fraction Ͼ100 m (analysis 1, table 1A) and fifty unabraded clean grains from the 85 to 100 m fraction (analysis 2, table 1A) were analyzed as two separate multigrain fractions. The data points are concordant at 212 Ϯ 2 Ma (MSWD ϭ1.6; fig. 4A ). Since the analysed zircon grains are of magmatic origin, this age is interpreted as the time of zircon crystallization and, therefore, the emplacement age of the granite.
Sample #3037.-Zircon grains from sample #3037 were analyzed using LA-ICPMS and a total of 19 sites were investigated ( (table 1B) . These zircon grains are considered to be xenocrysts.
Sample #3033.-A total of thirty spots were analyzed using LA-ICP-MS. Twenty six data points on oscillatory zoned domains ( fig. 4C ) are tightly grouped on the concordia diagram, and yield a weighted mean 206 Pb/ 238 U age of 216 Ϯ1 Ma with MSWD ϭ 0.6. The zircon domains have U and Th concentrations of 296 to 2956 ppm and 49 to 836 ppm, respectively (table 1B) . This age is interpreted as the time of zircon crystallization in the granite. The other 4 analyses on zircon grains with rounded cores and U and Th concentrations of 788 to 1366 ppm and 90 to 373 ppm, respectively, (table 1B) record ages ranging from 255 to 251 Ma: these grains are interpreted as xenocrysts.
Sample #3038.-Twenty-nine spots on zircons with the oscillatory zoning ( fig. 3D ) were analyzed using LA-ICP-MS and the results yielded a tight cluster of near- concordant data points, which give an age of 213 Ϯ 1 Ma with MSWD ϭ 2.0 ( fig. 4D ). The U and Th concentrations of the analyzed spots range from 591 to 4297 ppm and 48 to 740 ppm, respectively (table 1B). We interpret this as the crystallization age of the granite.
Age Data for the Shangkelan Pluton
Sample #3214.-U-Pb isotopic analyses of zircon from sample #3214 were performed using the SHRIMP II at the Beijing SHRIMP Center. Twelve spots were analyzed (table 1B) , and the eight most concordant points on domains with oscillatory zoning define a weighted mean The procedures for the analysis of major oxides and trace element abundances, Nd-Sr isotope compositions and in-situ zircon Lu-Hf isotope compositions are given in the Appendix.
Major and Trace Elements
Major and trace element data are presented in table 2. The granites are highly siliceous (SiO 2 ϭ 70-78 wt.%), except for sample #5945 (65 wt.%), and have high alkali contents (Na 2 O ϭ 2.5 Ϫ 6.0 wt.%, K 2 O ϭ 3.0 Ϫ 6.4 wt.%) but have very low "cafemic" oxide contents (table 2) . Al 2 O 3 ranges from 12.0 to 16.0 weight percent (except 20 wt.% for sample #5045). The Ala'er granites show very high K 2 O contents and K 2 O/Na 2 O ratios (Ͼ1.5) with SiO 2 of 71 to 73 weight percent. This feature is typical of the shoshonitic series ( fig. 5A ; Peccerillo and Taylor, 1976; Väisänen and others, 2000) and even the super-shoshonitic series (K 2 O/Na 2 OϾ2) (Turner and others, 1996) . The Ala'er granites exhibit highly fractionated REE patterns with LREE abundances Ͼ100 x, HREE Ͻ10 x chondrite, and strong negative Eu anomalies ( fig. 6A ). The Shangkelan granites also show fractionated REE patterns with strong negative Eu anomalies ( fig. 6C ). The Jiangjunshan granites show two types of REE patterns ( fig.  6E ). The first type is similar to that of the Shangkelan granites, and the dominant second type is characterized by low LREE (Ͻ60 x chondrite) and high HREE abundances (Ͼ 50 x chondrite), with very large negative Eu anomalies. The lanthanide tetrad effect is demonstrated in these samples, which is corroborated by the high K/Ba, low Nd/Ta and low Zr/Hf ratios (Bau, 1996; Irber, 1999; Jahn and others, 2001, 2004) .
In the spidergrams, all the samples show negative anomalies of Ba, Nb, Ta, Sr, P, Eu and Ti, and positive Th and Nd anomalies (figs. 6B, 6D, and 6F). Such anomalies are most pronounced in the Jiangjunshan granites.
Whole-Rock Sr-Nd Isotopes
Sr-Nd isotopic data for 11 samples are shown in Sample XSK-2 from Zhao and others, 1993. granitoids with f Sm/Nd values from Ϫ0.3 to Ϫ0.6 (falling between Ϫ0.2 and Ϫ0.6; table 3) give meaningful one-stage model ages (T DM1 ) from 1.5 to 0.9 Ga. Some Jiangjunshan granites that have f Sm/Nd values from ϩ0.38 to ϩ0.97 give two-stage model ages (T DM1 ) of 0.52 to 0.68 Ga (table 3) .
Zircon Lu-Hf Isotopes
In situ zircon Hf isotopic analyses for 6 samples from the Mesozoic granitoids are presented in table 4. All analyses were carried out on magmatic zircon grains or domains with oscillatory zoning. Twenty eight Hf isotopic analyses for sample #3037 (monzogranite) from the Ala'er batholith (ϳ210 Ma) have ε Hf (t) values of Ϫ1.9 to ϩ4.0 ( fig. 7B ) and two-stage Hf model ages of 0.99 to 1.37 Ga. Eleven magmatic zircons from sample #3033 from the Ala'er batholith have ε Hf (216) values of Ϫ4.2 to ϩ4.3 and two-stage Hf model ages of 0.98 to 1.52 Ga. Fifteen magmatic zircons from sample #3038, also from the Ala'er batholith, yield ε Hf (213) values ranging from Ϫ1.0 to ϩ5 ( fig. 7B ) and two-stage Hf model ages from 0.94 to 1.33 Ga. (2000), Chen and Jahn (2002) and Xu and others (2003) , respectively. The ε Nd (t) values of the Proterozoic gneisses have been recalculated using 220 Ma to evaluate if they can be the sources for the granites (220 Ma). (table 4) .
discussion

Timing and Distribution of Mesozoic Magmatism in the Altai
The U-Pb zircon dating of the Ala'er and Shangkelan samples using three different techniques (TIMS, LA-ICPMS and SHRIMP) yield similar ages of 212 Ϯ 2, 216 Ϯ 1, 211 Ϯ 3, 213 Ϯ 1 Ma, and 203 Ϯ 3 Ma, indicating the coeval nature of the intrusions. This is the first identification of early Mesozoic (Triassic) magmatism from the Chinese Altai by zircon dating. In addition, we had previously obtained four U-Pb SHRIMP zircon ages (220 to 198 Ma) from the "No. 3 granitic pegmatite" in Unit 3 of the eastern Chinese Altai (Wang and others, 2007;  fig. 1 ). This pegmatite hosts the most important mine for Li mineralization in Asia and is one of the largest pegmatites in the world. Previously, several Ar-Ar dates of 220 to 180 Ma have also been obtained from granitic and pegmatite intrusions and their mineralized deposits in the Chinese Altai (Chen and other, 2000; Wang and other, 2002) . All the above age data indicate that an early Mesozoic (220-200 Ma) tectonothermal event is more significant than previously thought in the Chinese Altai.
On the other hand, the Jiangjunshan pluton is dated at 151 Ϯ 3 Ma. So far, this is the only late Jurassic pluton identified from the Chinese Altai. Other Jurassic or even younger granitoids in the Altai orogen perhaps remain to be discovered.
Several K-Ar, Ar-Ar and Rb-Sr dates ranging from 270 to 130 Ma have also been reported for granites in the Chinese Altai. For example, 250 Ma (Rb-Sr; Liu, 1990) and (2001) is used in the calculation. batholith; 176 Ϯ 13 Ma (Rb-Sr; Zhang and others, 1994) , 183 Ϯ 38 Ma (Rb-Sr; Hu and others, 1997) and 183 Ϯ 9 Ma (Rb-Sr; Chen and others, 2000) ages from the Shangkelan pluton; and 220 Ϯ 0.3 Ma (Ar-Ar; Zhang and others, 1994) , 235 Ma (Rb-Sr) and 207 Ma (K-Ar; cited from Zhang and others, 1994) from the Jiangjunshan pluton. The dates for the Shangkelan pluton are similar or younger than our zircon ages, and they could be interpreted as cooling ages or due to overprinting by a late thermal event. However, some Rb-Sr and Ar-Ar dates for the Ala'er and Jiangjunshan intrusions are markedly different from our zircon ages and their significance is unclear.
Early Mesozoic (Early Triassic-Early Jurassic) intrusions are also exposed sporadically in the Russian, Kazakhstan and Mongolian Altai ( fig. 8 ; others, 2001, 2005; Annikova and others, 2006; Pavlova and others, 2008) . These intrusions have zircon ages ranging from 253 to 180 Ma (table 4). The Early-Middle Triassic (250-228 Ma) intrusions mainly occur in the Russian and Kazakhstan Altai, particularly in the western segment of the Mesozoic intrusive belt in the Altai. They include the 237 Ϯ 4 Ma granite of the Artukol massif in the Russian Altai (Gusev, 2004) and the amphibole-biotite granite (242 Ϯ 20 Ma) of the Tastau Complex in the Kazakhstan Altai (Dokukina and others, 2010) . Coeval alkaline mafic dikes are also exposed in this magmatic belt (Pavlova and others, 2008) . A small Early Triassic granitic intrusion (1) 197±1 (1) 216±3 (4) 202±4 212±2 210±3 198±7 (5) 218±6 (6) 220±9 (5) 212±6 (5) 240±5 (7) 242±20 ( (240 Ϯ 5 Ma) is exposed in the middle reach of the Uench River in the Mongolian Altai (Kozakov and others, 1997 Zhu and others, 2006; Wang and others, 2007) . Yuan and others (2011) also reported a Late Triassic hornblende Ar-Ar age for the Ashele basalt in the Altai area. Late Triassic granitoids also occur in the Russian Altai, for example, a granite from the Kalguta Mo-W ore-magmatic belt has a zircon age of 216 Ϯ 3 Ma (Annikova and others, 2006) , and a leucogranite from the Chigerteand Sagsai Massif has a zircon age of 225 Ϯ 10 Ma (Demin and others, 2001 ). At present, only one Late Jurassic (amazonite-bearing) granitic pluton (the Jiangjunshan pluton) has been recognized in the Chinese Altai.
In summary, the Early Mesozoic intrusions in the Altai are mainly distributed in the central part of the Altai orogen, near the national boundaries between China, Russia and Kazakhstan ( fig. 8 ). These intrusions were emplaced in several stages. 
Origin of the Granites
The Late Triassic Ala'er granites in the Chinese Altai have high K 2 O contents and show shoshonitic characteristics ( fig. 5 ). In the spidergrams, the negative anomalies in Ba, P, Nb, Ta, Ti and particularly Sr, and pronounced positive anomalies in Rb, Th, K and La are indicative of involvement of crustal melts and advanced fractional crystallization ( fig. 6 ). Liu and others (1997) suggested that the Ala'er granites are S-type based on the ACF triangular diagram (White and Chappell, 1988) . However, their weak peraluminous or metaluminous-peraluminous characteristics (table 2) imply they are not typical S-types. The negative correlation between P 2 O 5 and SiO 2 appears to follow the I-type trend ( fig. 9 ), which was considered as an effective means for distinction of I-from S-type granites by Chappell and White (1992) . Thus, the Ala'er granites are I-type, or more likely highly-evolved I-type granites. In the granite discrimination diagrams ( fig. 10) , the Ala'er granites plot in the A-type field.
The Late Triassic Shangkelan granites are high-K calc-alkaline ( fig. 5A ), peraluminous ( fig. 5B) , and highly differentiated ( fig. 5C ). Their trace element patterns also show the characteristics of advanced differentiation, characterized by strong Eudepletion and distinct negative anomalies in Ba, Sr, P and Ti and positive anomalies in Rb and K (figs. 6C and 6D). In summary, the trace element data show features typical of A-type ( fig. 10 ; Whalen and others, 1987) or highly differentiated I-type granites (figs. 5C and 6).
The Early Jurassic Jiangjunshan granites belong to the calc-alkaline to high-K calc-alkaline series ( fig. 5A) and are peraluminous (fig. 5C ). The REE patterns of most Jiangjunshan samples show the lanthanide tetrad effect ( fig. 6E ). In the spidergrams, all the samples show negative anomalies for Ba, Sr, P, Eu and Ti, and positive for Th and Nd (fig. 6F ). These features, along with the presence of amazonite, indicate that they are typical A-type granites ( fig. 10) .
The REE tetrad effect is well known for highly differentiated felsic rocks with strong fluid-melt interaction in the late stage of differentiation (for example, Bau, 1996; Irber, 1999; Jahn and others, 2004) , and has recently been documented for highly differentiated granites from NE China (Jahn and others, 2001; Wu and others, 2004) , Mongolia (Jahn and others, 2004) and the Junggar Block (Chen and Jahn, 2004) . The Jiangjunshan granites were therefore probably developed via a process involving strong fluid-melt interaction. These granites contain garnet and muscovite, and are weakly peraluminous.
In the Russian Altai, the early Mesozoic (Triassic) granites comprise not only the more common granodiorite-quartz diorite, biotite granite, two-mica monzogranite, and muscovite granite association, but also the less common syenite-granite and leucogranite with garnet, tourmaline and cordierite association. In addition, the granites are commonly associated with coeval alkaline mafic dikes and lavas (see Pavlova and others, 2008) . These granites could be produced by differentiation of mantle-derived alkaline mafic liquids with the signature of mantle plumes and the granite-leucogranite might have been formed by an interaction between mafic and felsic magmas (Vladimirov and others, 2005; Annikova and others, 2006; Pavlova and others, 2008; Dokukina and others, 2010) .
Nd-Hf Isotopic Constraints on the Nature of the Protoliths
We have previously undertaken Nd isotopic mapping of the intrusions in the Chinese Altai (Wang and others, 2009a; figs. 11A and 11B) . As shown in figure 11A , intrusions with negative to weakly positive ε Nd (t) values of Ϫ4 to ϩ2 occur in the central Altai (Units 2/3), whereas those with higher positive values of ϩ1.4 Ϫ ϩ6 occur in the southern Altai (Units 4/5). Granitoids from the Junggar terrane (Unit 6) have the highest ε Nd (t) values up to ϩ8.4. Correspondingly, Nd model ages (T DM ) decrease from 1.6 to 1.1 Ga in the central Altai to 1.0 to 0.5 Ga in the southern Altai, except for a continental fragment in Unit 4 ( fig. 11B ). These results imply that the central Altai contains widespread old crustal components (ca. 1600-1000 Ma) in the granite source regions, whereas the southern Altai comprises a higher proportion of juvenile mantlederived rocks.
The Ala'er and Shangkelan granitic plutons occur exclusively in the central Altai (old terrane), which is, the "Altai microcontinent" (or Unit 3). Consequently, the (Chappell and White, 1992). suspected Proterozoic basement rocks are expected to have made a significant contribution to the generation of the granites. Indeed, these granites have negative wholerock ε Nd (t) values (Ϫ4.2 to Ϫ0.6) and Proterozoic model ages (1.5-0.9 Ga). On the other hand, the zircon Hf isotopic data provide somewhat different information. The granites from the Ala'er and Shangkelan plutons show ε Hf (t) values slightly higher than ε Nd (t) values, implying a possible Nd-Hf isotope decoupling ( fig. 7) . One interpretation is that these granites were derived from an old crustal source with involvement of depleted mantle-derived materials with high ε Hf (t) values (for example, Yang and others, 2007) , or that there was insufficient mixing between the two components during the melting process, or perhaps heterogeneous contamination (Zheng and others, 2007) . Whatever the case, the variable high zircon ε Hf (t) values (Ϫ4.0 to ϩ8.2) indicate that a juvenile mantle-derived component played a more important role than basement rocks in the generation of the granitic rocks ( fig. 7) .
The Jiangjunshan pluton occurs at the northern margin of the southern Altai (young accretionary terrane, Unit 4), thus, in comparison with the Ala'er and Shangkelan intrusions, it has higher positive whole-rock ε Nd (t) values (ϩ1.0 to ϩ5.2) and younger model ages (T DM ϭ 0.36-1.02 Ga), as well as strong positive zircon ε Hf (t) values (ϩ0.5 to ϩ8.9) and young Hf model ages (0.64 Ga-1.17 Ga). Since the ε Nd (t) values are higher than those of the felsic gneisses and schists in the region ( fig. 7A ), the granites could not have been produced by melting of these rocks. Consequently, the Jiangjunshan granites were likely derived from a mixed source composed of juvenile mantle-derived materials and a small amount of an old crustal source.
The proportion of mantle-derived component in the generation of the granitoids from each pluton can be estimated using a simple two-component mixing model, assuming that the crustal component (end-member 1) is represented by the old (Proterozoic-Paleozoic) metamorphic rocks in the Altai. Sm-Nd isotopic compositions for 12 Proterozoic felsic metamorphic rocks (gneisses) in the Altai have been obtained by Hu and others (2000) , and all these data are recalculated at 210 Ma, giving an average of ε Nd (210) ϭ Ϫ5.1 and Nd ϭ 42.7 ppm. Chen and Jahn (2002) also measured 10 Paleozoic felsic metamorphic rocks (gneisses and schists) in the Altai, and these yield an average of ε Nd (210) ϭ Ϫ5.6 and Nd ϭ 24.9 ppm. Thus, a crude average of all these data give ε Nd (210) ϭ Ϫ5.4 and Nd ϭ 33.8 ppm, which is considered to be the crustal component (end-member 1) in the Chinese Altai. The middle Paleozoic Kuerti ophiolite in the Altai (Xu and others, 2003) happens to have the same isotopic characteristics as depleted mantle-derived basalt (ε Nd (400) ϭ ϩ8, Nd ϭ 15 ppm; Jahn and others, 2000a, 2000b) , thus, ε Nd (210) ϭ ϩ6 and Nd ϭ 15 ppm are taken as the mantle-derived component (end-member 2). Based on these assumptions, a mixing calculation yielding the proportion of mantle-derived component for the Ala'er, Shangkelan and Jiangjunshan intrusions was ca. 40 to 56 percent, ca. 58 percent and ca. 70 to 90 percent, respectively (table 3) .
Based on the previous discussion, we suggest that underplated mafic magma might provide not only the necessary heat source for the melting of both old continental and young juvenile materials, but also contributed to the melts. This is supported by high positive whole-rock ε Nd (t) and zircon ε Hf (t) values of some of the Mesozoic granites in the Chinese Altai and Nd-Hf decoupling in the granites, such as those from the Shangkelan pluton ( fig. 7) . The compositions of the individual terranes have probably controlled the proportion of old crustal and young juvenile mantlederived components in the production of the various granites. The Mesozoic granites with A-type features were probably produced by an advanced degree of differentiation.
A few isotopic data have been published on the granitic intrusions from the Russian and Kazakstan Altai. These granites are associated with coeval mafic intrusions, thus, they likely contain a higher proportion of mantle-derived components. It has been suggested that the early Mesozoic magmatism in the Russian Altai is related to the activity of the Siberian superplume, which peaked at 252 to 248 Ma (Vladimirov and others, 2008; Buslov and others, 2010) .
Finally, the Mesozoic intrusions in the Altai are commonly associated with significant mineral deposits. For example, the early Mesozoic Kalguty graniteleucogranite complex of the Russian Altai (216 Ϯ 3 Ma, ε Nd (t) values ϭ Ϫ1.9 to Ϫ5.1) is accompanied by W-Mo-Bi-Be mineralization (Annikova and others, 2006) . The pegmatitic veins in the Chinese Altai are also known to contain the W-Mo-Bi-Be mineralization (Han, 2008) . Alkaline mafic magmatism is intimately associated with widespread Ag-Sb (about 240 Ma) and Cu-Ag-Sb-Hg (234 Ϯ 1 Ma, sericite Ar-Ar age) mineralization in the Mongolian Altai. This was interpreted as the metallogenic signature of a mantle plume (Pavlova and others, 2008) .
Tectonic Setting and Significance
The Mesozoic intrusions in the Chinese Altai show no deformation along their margins or of the contact aureole. Moreover, they are discordant with the country rock stratigraphy, regional foliations and tectonic trends in the host rocks. Such structural patterns suggest they were post-tectonic and were passively emplaced in an extensional tectonic setting. In addition, their shoshonitic and A-type granitic geochemical characteristics suggest a within-plate (or post-orogenic) extensional setting (for example, Yb vs. Ta and Rb vs. Yb ϩ Ta diagrams, not shown here), although the tectonic implications based on the geochemistry may not be strictly valid because highly differentiated granites show the REE tetrad effect and non-CHARAC trace element behavior, many studies on the regional tectonic evolution consistently suggest that the major orogenic activities (437-375 Ma) in the Altai orogen were terminated in the late and that the tectonic setting became post-orogenic or postaccretionary after this time (Wang and others, 2005 (Wang and others, , 2006 (Wang and others, , 2010 . Therefore, the early Mesozoic plutons were most likely emplaced in an intraplate anorogenic setting.
The early Mesozoic intraplate anorogenic setting of the Altai orogen is also supported by the regional early Mesozoic magmatic assemblages. In the Gorny Altai of southern Siberia, Early Mesozoic Chuya mafic intrusions, including high-K lamprophyres and syenites, were emplaced in two periods (250-243 and 237-235 Ma, Vasyukova and others, 2011) . The association of these intrusions indicates an extensional setting. Furthermore, in the northern part of the Altai-Sayan Fold Area, Triassic basaltic flows and sills were emplaced at 250 to 248 Ma (Buslov and others, 2010) . These basalts are medium-to high-Ti tholeiites and they could be linked with the Permo-Triassic flood basalts of the Siberian Platform (Siberian Traps), produced by the activity of the Siberian superplume at 252 to 248 Ma (Buslov and others, 2010) . The abrupt change of thickness in the Kuznetsk Late Permian to Middle Triassic units suggests that their formation within an extensional regime was similar to the exposed rifts in the Southern Urals and northern Mongolia and the buried rifts of the West Siberian Basin. Consequently, early Mesozoic intraplate anorogenic magmatism in the Altai appears to be related to a far-field effect of the Siberian superplume (252-248 Ma), with the magmatism appearing to be younging from the northeast (southern Siberia) to the southwest (Altai).
Outside of the Altai Orogen, early Mesozoic granites occur widely in the eastern part of the CAOB, such as in Transbaikalia, NE Mongolia and NE China (Wu and others, 2000; others, 2002, 2008; Yakubchuk, 2004; Vorontsov and others, 2007; Li and others, 2007; Jahn and others, 2009 ). Some of these granites are syn-orogenic and some are post-orogenic. They were probably related to Mesozoic subduction/collision, such as the Transbaikalian arc, the Mongol-Okhotsk suture, and the Circum-Pacific arcs (Yarmolyuk and others, 2002; Yakubchuk, 2004) .
However, in several regions of the central part of the CAOB, including central Mongolia (Yarmolyuk and others, 2002) , southern Mongolia near the border with China (Wang and others, 2004) , and at Beishan in NW China (Li and others, 2012) , the early Mesozoic intrusions (240-210 Ma) were probably emplaced in an intraplateor post-orogenic extensional setting. The Triassic granitoids (237-229 Ma) occurring along the southern margin of the CAOB in Inner Mongolia were thought to be emplaced in a post-collisional setting (Li and others, 2007) . Recently, others (2010, 2013) considered that the early Mesozoic intrusions along the southern margin of the CAOB occurred in two stages: in the Early-Middle Triassic (250-230 Ma) and in the Late Triassic . The first-stage intrusions show a high calc-alkaline affinity, and were emplaced in a post-collisional setting, whereas the second stage intrusions have bimodal affinities (associated with lamprophyre dikes) and were emplaced in a post-orogenic extensional setting.
In summary, the early Mesozoic granites show different characteristics and tectonic settings in the western and eastern parts of the CAOB. Syn-orogenic Mesozoic granitoids are widespread and voluminous in the eastern part and southeastern margin of the CAOB. This could be due to the progressive closure, from west to east, of the Paleo-Asian Ocean, and/or subduction of the Mongol-Okhotsk Ocean, as well as subduction of the Paleo-Pacific Ocean to the east. The early Mesozoic intraplate anorogenic granitoids in the western part of the CAOB, however, appear to be related to a far-field effect of the Siberian superplume (252-248 Ma). One reason is that the Paleo-Asian Ocean had closed by the Late Permian (Xiao and others, 2008) and the Mongol-Okhotsk Ocean was small at that time and its far-field effect might be expected to be weak.
Implications for Crustal Architecture and Continental Growth
In the central Altai microcontinent (Unit 3, fig. 1 ), the isotopic signatures (negative ε Nd (t) values) of the Mesozoic anorogenic granites are similar to those of the Paleozoic syn-orogenic granitoids others, 2006, 2009a) . This implies that the basement of the terrane retained its original continental signature (and was not modified by juvenile mantle-derived material during the Mesozoic). Likewise, the Nd isotopic compositions of the Mesozoic granites in the southern Altai (Unit 4) are similar to those of the Paleozoic syn-and post-orogenic granitoids. Thus, the basement of this terrane has also retained its original juvenile nature others, 2006, 2009a) . Figure 12 shows the general architecture of the Chinese Altai orogen. The original Paleozoic horizontal accretion was retained in Mesozoic time, and the older continental terrane was not thrust onto, or subducted beneath, the younger juvenile accretionary terrane, as seen in some collisional orogens. Such crustal architecture in the Altai is typical of an accretionary orogen that is characterized by horizontal accretion, not by vertical superposition of terranes.
It is now well established that the CAOB represents the most important site of crustal growth in the Phanerozoic (Sengör and others, 1993; Jahn and others, 2000a Jahn and others, , 2000b Jahn and others, , 2004 Kovalenko and others, 2004) . Crustal growth can be achieved by both lateral and vertical accretion of juvenile material. The emplacement of large volumes of post-accretionary granites with juvenile sources reflects vertical crustal growth, due most likely to a series of processes, including underplating of basaltic magma, mixing of basaltic magmas or melts with lower-crustal rocks, partial melting of the mixed lithologies leading to generation of granitic liquids, and followed by fractional crystallization (Jahn, 2004 However, Kröner and others (2013) emphasized the importance of remelting or recycling of older crustal material in the generation of Paleozoic granitoids in the CAOB and argued that the production of mantle-derived or juvenile continental crust during the accretionary history of the Central Asian Orogenic Belt (CAOB) has been overestimated. These authors are correct in pointing out the important role of recycling of older crustal material in the generation of syn-orogenic granitoids. However, in their assessment, post-orogenic granitoids are entirely excluded. This is in contrast with the assessment made by other authors (for example, Jahn and others, 2000a Jahn and others, , 2000b Jahn and others, , 2004 Kovalenko and others, 2004) . In the studies of these workers, all the juvenile crustal rocks produced within the CAOB are considered, regardless of whether they are syn-, post-or an-orogenic intrusions. The Mesozoic juvenile granitoids from the CAOB and also from NE China (the "Manchurides" of Sengor and others, 1993) are also included.
Specific to the present study, the early Mesozoic granites in the central Altai were indeed mainly derived from recycling of an old terrane (Units 2 and 3), but the Mesozoic granites in the southern Altai (Units 4 and 5) could not have been entirely produced by crustal remelting at depth; they require additional juvenile, mantlederived material as well. Thus, vertical crustal growth had to occur in the Mesozoic anorogenic setting of the Altai orogeny. The present study leads to the following conclusions: 1. Two distinct Mesozoic granitic intrusive events have been identified in the Chinese Altai orogen. The first occurred in the Late Triassic (220-200 Ma) and was represented by intrusions of albite granite, two-mica monzogranite, biotite monzogranite and late-stage pegmatites. This event is comparable with the Triassic (240-200 Ma) intrusions, including felsic, mafic and alkaline rocks, in the Russian, Kazakhstan and Mongolian Altai. The second event took place in the Late Jurassic (ca. 150 Ma), and was characterized by intrusions of alkali feldspar granite, two-mica monzogranite and garnet muscovite monzogranite, some characterized by the presence of high-Ba amazonite.
2. The Late Triassic (220-200 Ma) granites in the Chinese Altai occur in the central Altai (Unit 3). They are highly differentiated I-types, and have whole-rock ε Nd (210) values of Ϫ0.6 to Ϫ4.3 and zircon ε Hf (t) values of Ϫ4.0 to ϩ8.2, suggesting that they were derived from a mixed source composed of old continental crust and juvenile mantle-derived materials. The Late Jurassic (ca. 150 Ma) granites occur within the young accretionary terrane (Unit 4) in the southern Altai. They have an A-type affinity, show the lanthanide tetrad effect in REE distribution patterns, and have positive ε Nd (151) values of ϩ1.0 to ϩ5.2 and ε Hf (151 Ma) values of ϩ1 to ϩ8. They were probably derived by melting of juvenile (mantle-derived) basic rocks.
3. The isotopic signatures of the Mesozoic granites from the central (old terrane) and southern Altai (young accretionary terrane) suggest that the basement of both terranes retained its original nature. This further implies that the Altai orogen has kept its original architecture that was the result of Paleozoic horizontal accretion.
4. The early Mesozoic (Triassic) intrusions in the Altai were emplaced in an intraplate anorogenic setting, probably related to a far-field effect of the Siberian superplume (252-248 Ma). The tectonic setting and geodynamic evolution of the rocks is different between the western (anorogenic) and eastern (syn-or post-orogenic) parts of the CAOB. Such differences could have resulted from the progressive closure, from west to east, of the Paleo-Asian Ocean and Mongol-Okhotsk Ocean, or even be related to Paleo-Pacific Ocean subduction. 
Appendix analytical methods
U-Pb Zircon Dating
The sensitive high resolution ion microprobe (SHRIMP II) analyses were performed at Curtin University, Australia and at the Beijing SHRIMP Center, China. The SHRIMP analyses at Curtin University were ratioed to the CZ3 standard. Spot sizes averaged ϳ25 m and each analysis site was rastered for three minutes to remove any surface contamination. An average mass resolution of ϳ4700 (1% definition) was used to measure Pb/Pb and Pb/U isotopic ratios and Pb/U ratios were normalized to those measured on the standard zircon [CZ3 Ϫ ( 206 Pb/ 238 U ϭ 0.0914)]. The coefficient of variation in Pb/U isotopic ratios measured on the CZ3 standard was 2.2 percent during the analytical session. Measured 204 Pb count rates on the unknowns were similar to those obtained from the standard zircon and so common lead corrections were made assuming an isotopic composition of Broken Hill lead, since the common lead is considered to be associated mainly with surface contamination in the gold coating (Nelson, 1997) . The 206 Pb/ 238 U ages are generally considered more precise for concordant Phanerozoic zircons (Compston and others, 1992) , because low count rates on 207 Pb result in large statistical uncertainties, making the 207 Pb/ 206 Pb and 207 Pb/ 235 U ratios less sensitive measures of age. U-Pb isotope age data were calculated and plotted using the ISOPLOT (Ludwig, 2003) and SQUID (1.02) software of Ludwig (2003) . Uncertainties on individual analyses are quoted at the 1 level, whereas the pooled analyses are quoted at 2 or 95 percent confidence level.
The analytical techniques in the Beijing SHRIMP Center were basically the same as those at Curtin University. U-Th-Pb isotopic ratios were determined relative to the TEMORA standard zircon (Black and others, 2003) , and the U, Th and Pb concentrations were calibrated relative to SL13 reference zircon (U content 238 ppm; age 572 Ma). Zircon grains were mounted in epoxy, together with TEMORA (417 Ma) and the mount was polished to expose zircon internal sections. Cathodoluminescence (CL) imaging was conducted for each grain on a JEOL scanning electron microscope. U-Pb isotope age data were calculated and plotted using the ISOPLOT (Ludwig, 2003) and SQUID (1.02) software of Ludwig (2003) . The analytical data are presented with 1 error boxes on the concordia plots, and the uncertainties in weighted mean ages are quoted at the 95 percent confidence level (2). The decay constants used in age calculation are 238 U ϭ 0.155125 Ga Ϫ1 and 235 U ϭ 0.98485 Ga Ϫ1 . U-Pb TIMS analyses were undertaken at the Institute of Precambrian Geology and Geochronology (IPGG), Russian Academy of Sciences, St. Petersburg, using a Finnigan MAT-261 mass-spectrometer. Handpicked multigrain zircon fractions, consisting of 20 to 200 grains, were dissolved and chemically separated following the method of Krogh (1973) . Before dissolution, zircon grains were ultrasonically washed in alcohol and acetone. Additional soft acid washing to eliminate surface contamination was performed using warm 1M HNO 3 and warm 1:1 HCL for 20 minutes each. All samples were spiked with a 235 U-208 Pb mixed tracer. Total blanks were 10 to 50 pg Pb and 1 to 5 pg U. The PBDAT (Ludwig, 1991) and ISOPLOT (Ludwig, 2003) programs were used for the data reduction, including calculation of uncertainties, correlations of U/Pb ratios, regression lines and concordia intercept ages. All errors are reported at the 2 sigma level. The decay constants are the same as mentioned above, and the corrections for common Pb were made using the values of Stacey and Kramers (1975) .
LA-ICPMS was also used for zircon dating at the Key Laboratory of Continental Dynamics of Northwest University, Xi'an, and at the Tianjin Institute of Geology and Mineral Resources, Tianjin, China. A detailed description of the instrumentation, working parameters and calibration procedures is given by Yuan and others (2004) . The NIST SRM610 standard glass was used for internal calibration at the Key Laboratory of Continental Dynamics of Northwest University. The data were acquired in peak-switching-pulse-counting mode with one-point measured per peak. Zircon 91500 was used as the external calibration standard and was measured after every 4 or 5 sample spots. The NIST SRM610 was measured twice before and after analyzing around 20 samples, and 29 Si was used as an internal standard for U, Th and Pb analyses. The analyses were obtained using a laser-ablation microprobe (193 nm, GeoLas 200 M) coupled to a Neptune (Thermo Fisher) MC-ICPMS at the Tianjin Institute of Geology and Mineral Resources. NIST 612 glass was used as an internal standard for U, Th and Pb analyses and zircon GJ-1 was used as the external calibration standard.
Geochemical and Isotopic Analysis
Major and trace element analyses were obtained at the Key Laboratory of Continental Dynamics of Northwest University, Xi'an, China. Major oxides were analyzed using X-ray fluorescence (RIX2100X sequential spectrometer) on fused Li-borate glass beads, and BCR-2 and GBW07105 were used as reference materials. The uncertainty of the XRF analyses was better than 5 percent. FeO was determined by the wet chemical titration method. Trace elements were measured by LA-ICPMS (Elan 6100DRC), following the method of Gao and others (1999) . USGS standards AGV-1, BCR-1 and BHVO-1 were used for calibration. The analytical uncertainties are better than 5 percent for Co, Ni, Zn, Ga, Rb, Y, Zr, Nb, Hf, Ta and LREE, and 5 percent to 15 percent for the others. Major and trace element analyses for the samples AT-1 and AT-2 were obtained at National Taiwan University. Major and trace elements of samples 3211, 32112, 3141-A, 3141-B, 3142 and 3146 were analyzed at Acme Analytical Laboratories (Vancouver) Ltd. Major elements and Zr were analyzed by inductively coupled plasma (ICP) emission spectrometry following a lithium metaborate/ tetraborate fusion and dilution. Trace element and rare-earth elements (REE) were analyzed by ICP mass spectrometry.
Nd-Sr isotopes were analyzed by isotope dilution at the Institute of Precambrian Geology and Geochronology, Russian Academy of Sciences, St. Petersburg. Rock powders were dissolved in a mixture of HF, HNO 3 and HClO 4 . Before decomposition, all samples were spiked with 149 Sm-150 Nd and 85 Rb-84 Sr mixed solutions. REE, Rb and Sr were separated using BioRad AG1-X8 200 -400 mesh resin using conventional cation-exchange techniques. Sm and Nd were separated by extraction chromatography on LN-Spec (100-150 mesh) resin. Total blanks in the laboratory were 0.1-0.2 ng for Sm, 0.1-0.5 ng for Nd, 0.01-0.05 ng for Rb and 0.3-0.7 ng for Sr. Isotopic compositions of Sm, Nd, Rb and Sr were measured on a Triton TI multi-collector mass-spectrometer in static mode. 1967 . Sm-Nd model ages were calculated in two ways. The one-stage model age (T DM1 ) was calculated assuming a linear Nd isotopic growth of the depleted mantle reservoir from ε Nd ϭ 0 at 4.56 Ga to ε Nd ϭ ϩ10 at present. The two-stage model age, which is applied for samples that have 147 Sm/ 144 Nd ratios larger than 0.14 or f Sm/Nd ratios Ͼ Ϫ0.2 or Ͻ Ϫ0.6, was obtained assuming that the protolith of the granitic magmas had a Sm/Nd ratio (or f Sm/Nd value) of the average continental crust (Keto and Jacobsen, 1987) . The calculation formulas, as well as analytical precision, Sr-Nd isotope standard and normalization values, and blank levels can be found in the footnotes to table 3.
In-situ Zircon Hf Isotopic Analyses
In-situ zircon Hf isotope analyses were carried out using a Newwave UP213 laser-ablation microprobe, attached to a Neptune multi-collector ICP-MS at the Institute of Mineral Resources, Chinese Academy of Geological Sciences, Beijing. Instrumental conditions and data acquisition were as described by Hou and others (2007) and Wu and others (2006) . A spot with a beam diameter of either 40 m or 55 m was selected depending on the size of the ablated domains. Helium was used as the carrier gas to transport the ablated sample from the laser-ablation cell to the ICP-MS torch and was mixed with argon. In order to correct the isobaric interferences of 176 (Chu and others, 2002) . For instrumental mass bias correction Yb isotope ratios were normalized to 172 Yb/ 173 Yb ϭ 1.35274 (Chu and others, 2002) and Hf isotope ratios to 179 Hf/ 177 Hf ϭ 0.7325 using an exponential law. The mass bias behavior of Lu was assumed to follow that of Yb, and mass bias correction protocols are as described in Wu and others (2006) and Hou and others (2007) . Zircons GJ1 and Pusovice were used as the reference standards during analyses, with a weighted mean 176 Hf/ 177 Hf ratio of 0.282007 Ϯ 0.000007 (2, n ϭ 36) and 0.282476 Ϯ 0.000004 (2, n ϭ 27), respectively. These are indistinguishable from the weighted mean 176 Hf/ 177 Hf ratio of 0.282000 Ϯ 0.000005 (2) and 0.282482 Ϯ 0.000008 (2), respectively, determined using the solution analysis method by Morel and others (2008) and Slama and others (2008) .
